An early and fundamental step of the laminar organization of developing neocortex is controlled by the developmental programs that critically depend on the activities of reelin-positive cells in the marginal zone. However, the ontogeny of reelin-positive cells remained elusive. To gain insights into the spatial and temporal regulation of reelin-positive marginal zone cell development, we used a transgenic mouse line in which we defined the green fluorescent protein (GFP) transgene as a novel reliable molecular marker of reelin-positive marginal zone cells from the early stages of their development. We further used exo utero electroporation-mediated gene transfer that allows us to mark progenitor cells and monitor the descendants in the telencephalon in vivo. We show here the generation of reelinpositive marginal zone cells from the caudomedial wall of telencephalic vesicles, including the cortical hem, where the prominent expression of GFP is initially detected. These neurons tangentially migrate at the cortical marginal zone and are distributed throughout the entire neocortex in a caudomedial-high to rostrolateral-low gradient during the dynamic developmental period of corticogenesis. Therefore, our findings on reelin-positive marginal zone cells, in addition to the cortical interneurons, add to the emerging view that the neocortex consists of neuronal subtypes that originate from a focal source extrinsic to the neocortex, migrate tangentially into the neocortex, and thereby underlie neural organization of the neocortex.
Introduction
In the developing neocortex, the generation of distinct classes of cortical neurons is controlled by the hierarchical series of cellular interactions that culminate in the areal and laminar organization of distinct cortical areas. After the final cell mitosis, postmitotic cortical neurons migrate in a radial direction from the ventricular zone (VZ), form a cortical plate (CP), and subdivide the preexisting preplate into the superficial marginal zone (MZ) and the deeper subplate (Gupta et al., 2002; Nadarajah and Parnavelas, 2002) . reelin-positive cells (Meyer et al., 1999 ) are one of the major neuronal subtypes located in the MZ and are distributed evenly throughout the entire cerebral cortex in a wide variety of mammalian species (Marín-Padilla, 1998; Supèr et al., 1998) . The analyses of reeler mutant mice (Ogawa et al., 1995; Meyer et al., 1999; Rice and Curran, 2001; Tissir and Goffinet, 2003) , together with studies in human congenital lissencephaly (Gleeson and Walsh, 2000) , led to the suggestion that the neocortical neural organization depends on the activities of reelin-positive cells that govern the laminar arrangements of CP cells from the early stages of development. Studies on how reelin-positive cell generation is spatially and temporally controlled in the telencephalon might, therefore, provide a solid cellular framework for understanding neural organization during development of the neocortex.
Despite many advances in the characterization of the way CP neurons are generated and organized into distinct layers (Gupta et al., 2002; Nadarajah and Parnavelas, 2002) , the ontogeny of reelin-positive cells has remained elusive. The concept of a dual origin of the cerebral cortex, together with the classical concept from the time of Ramó n y Cajal, provided a prevailing view that both reelin-positive cells and subplate are generated as preplate from the underlying VZ before the formation of CP (Marín-Padilla, 1978 , 1998 . Consistent with these ideas, several studies suggest the local generation of reelin-positive cells within the neocortical area (Meyer et al., 2000; Hevner et al., 2003) . In contrast, several lines of evidence suggest that neocortical reelinpositive cells may originate from locations extrinsic to the neocortex (Meyer et al., 1998 (Meyer et al., , 2002 Lavdas et al., 1999; Shinozaki et al., 2002) . Together, these studies raised the possibility that neo-cortical reelin-positive cells consist of heterogeneous cell groups that are generated at varied locations in the telencephalon, both extrinsic and intrinsic to the neocortex (Meyer et al., 2002) . However, there is no direct evidence for those cells that have been generated at the putative sources to comprise reelin-positive cells located in the MZ of the neocortex. Moreover, the extent to which prospective reelin-positive cells from distinct sources contribute within the entire population of reelin-positive cells remains obscure. In addition, the way in which prospective reelinpositive cells from distinct sources are distributed throughout the entire cerebral cortical MZ remains to be defined in vivo. We show here prospective reelin-positive cells are generated from the caudomedial wall of telencephalic vesicles (CMWT) and exhibit the extensive tangential migration throughout the neocortical MZ in a caudomedial-rostrolateral cellular gradient.
Materials and Methods
Mice. C57BL/6 Tg mice (Watanabe et al., 1998) and ICR Jcl mice (CLEA Japan, Inc., Tokyo, Japan) were used for the experiments. Each strain was mated to obtain offsprings in house in an environmentally controlled room under the Guidelines for Use of Laboratory Animals (Japan Neuroscience Society) and the Animal Care and Use Committee (Mitsubishi Kagaku Institute of Life Sciences). Noon of the date on which the vaginal plug was detected in the morning was designated as embryonic day (E) 0.5.
Immunohistochemistry and in situ hybridization. Embryos were fixed by cardiac perfusion with 4% paraformaldehyde (PFA), 7% picric acid in 0.1 M sodium phosphate buffer, pH 7.4, for immunohistochemistry (IH), and with 4% PFA in 0.1 M sodium phosphate buffer, pH 7.4, for in situ hybridization (ISH). The brain was postfixed in the fixative for 2 hr for IH and for overnight for ISH. Samples were then equilibrated in 25% of sucrose in PBS and embedded in OCT compound (Sakura, Tokyo, Japan). Frozen sections were cut with a cryostat (MICROM HM500OM; Carl Zeiss, Oberkochen, Germany) at 10 m and mounted onto MAScoated glass slides (Matsunami, Osaka, Japan).
Immunohistochemical staining was performed as described (Takiguchi-Hayashi et al., 1998) . Primary antibodies (Abs) used were: polyclonal rabbit anti-␤galactosidase Ab (Cappel, Worthington, PA) in 1:1000; monoclonal rat anti-GFP (JFP-K2, kindly provided by Dr. S. C. Fujita) supernatant, polyclonal rabbit anti-calbindin Ab (spot 35, kindly provided by Dr. T. Yamakuni) in 1:1000, polyclonal rabbit anticalretinin Ab (Chemicon, Temecula, CA) in 1:1000, polyclonal rabbit anti-Pax6 Ab (kindly provided by Dr. N. Osumi) in 1:1000. Secondary Abs used were FITC-conjugated goat anti-rat IgG (AP183F; Chemicon) in 1:100, and cyanine3 (Cy3)-conjugated anti rabbit IgG (Jackson ImmunoResearch, West Grove, PA) in 1:400.
RNA probes prepared were EGFP (kindly provided by Dr. Watanabe), reelin (EcoRI/XhoI 1100bp fragment), p73 (XM 131858; GenBank, 1503 GenBank, -2232 , and Lhx6 (AJ000337; GenBank, 6 -651 nucleotides), Tbr1 (U49251; GenBank, 2951-3780 nucleotides), and Emx2 (AY117415; GenBank, 1385 GenBank, -1904 . ISH was performed as described (Schaeren-Wiemers and Gerfin-Moser, 1993; Ishibashi et al., 1995) with minor modifications. For double-ISH, digoxygenin-UTP, and fluorescein-UTP (Roche Products, Hertforshire, UK) were used for labeling of the probes, and hybridization was performed simultaneously according to the procedures described in the manufacturer's protocol (TSA Biotin system; PerkinElmer Life Sciences, Emeryville, CA).
Axiovert 200M (Carl Zeiss, Jena, Germany), Olympus BX61 with a CCD camera DP50 (Olympus, Tokyo, Japan), and LSM5 PASCAL confocal microscope (Carl Zeiss) were used to obtain fluorescent images. The images were processed using Photoshop software (Adobe Systems, San Jose, CA).
X-gal staining. Embryos were fixed by cardiac perfusion with PBS containing 1% of formaldehyde, 0.2% of glutaraldehyde, and 0.02% of NP-40 for 2 hr. X-gal staining procedures for whole-mount brain or frozen sections were performed as described (Motoyama et al., 1997) .
BrdU labeling study. For birth date studies, timed-pregnant Tg mice to which in vitro fertilized eggs were transferred in utero were injected intraperitoneally three times in 3 hr intervals with BrdU (Roche; 5 mg/ml in sterile saline) at 50 mg/kg body weight on several stages of pregnancy. The date of injections was set at ages of E10.5 (n ϭ 3), E11.5 (n ϭ 3), E12.5 (n ϭ 2), and E13.5 (n ϭ 3). The pregnant mice were maintained for several days afterwards to obtain the embryos aged at E18.5, when the embryos were processed for IH. Sections were first autoclaved at 110°C for 10 min in 0.1 M sodium citrate buffer, pH 6.0, as described (Imam et al., 1995) . BrdU and GFP were detected using anti-BrdU Ab (Dako, Carpinteria, CA) and anti-GFP Ab as described . All the nuclei of BrdU-labeled cells, including both heavily and lightly labeled cells, were counted for the analysis.
Exo utero electroporation. cDNA fragments of NLS-LacZ (kindly provided by Dr. S. Arber) were subcloned into the pCAGGs vector (kindly provided by Dr. J. Miyazaki). pCAGGS-EGFP (kindly provided by Dr. Y. Hatanaka) and pCAGGS-LacZ (kindly provided by Dr. I. Saitou) were also used. Exo utero surgery was followed as described (Muneoka et al., 1986a,b; Ngo-Muller and Muneoka, 2000) with modifications.
We prepared embryos in exo utero condition to transfer genes more reliably to the focal region by electroporation. Timed pregnant mice at E11.5 were deeply anesthetized with sodium pentobarbital (Nembutal; Abbott, North Chicago, IL) at 50 mg/kg body weight. A midline abdominal incision was made on the pregnant mouse, and then both horns of uterus were exposed. The number of embryos in each horn was recorded, and then three embryos in each horn were selected, and the rest of the embryos were removed from the horns of the uterus to obtain enough space for the subsequent electroporation procedures. The selected three embryos were released from the constraints of myometrium by making a longitudinal incision in the uterine myometrium at a position opposite to the side of the placenta. The myometrium contracted to the base of the placenta, and the embryos covered with their thin extraembryonic membranes were exposed. DNA solutions (5 mg/ml in 10 mM Tris-HCl, pH 8.0, with 0.016% Trypan Blue to permit visualization of injected solution in the embryos) were injected into the left side of the lateral ventricle of E11.5 telencephalon with a glass micropipette. After the injection, the embryos covered with the extraembryonic membranes were held with the tweezer-type electrode with discs of 3 mm in diameter at the tip (CUY650P3; Nepa Gene Company, Chiba, Japan). Electronic pulses of 25 V were charged five times at 950 msec intervals using a square-pulse electroporator (CUY21EDIT; Nepa Gene Company). For the electroporation aiming for the CMWT-directed gene transfer, the anode was positioned caudomedially so that the DNA is incorporated into the VZ cells of the CMWT. Likewise, the anode was always positioned on the direction to which the electroporation was conducted (see supplemental Figs. 2-4, available at www.jneurosci.org). After the procedures, embryos were placed back into the abdominal cavity of the pregnant mouse without sewing the uterine wall. The abdominal cavity was filled with prewarmed HBSS (Invitrogen, Gaithersburg, MD). Then, the abdominal wall was sewed with surgical sutures, and the skin was sewed with Autoclip applier (MikRon, Sparks, MD) to allow the embryos to develop. The pregnant mice were maintained for several days, and the embryos at E12.5-E18.5 were subjected to the analyses.
The focal restriction of electroporation-mediated gene transfer and its reproducibility was confirmed by the series of experiments shown in supplemental Figures 2-4 (available at www.jneurosci.org). For example, LacZ electroporation at E11.5 aimed for the CMWT was conducted in 12 embryos in total, among which eight embryos survived until E12.5, and all the eight embryos exhibited the focal restriction of gene transfer at the CMWT. In addition, when we analyzed 11 anterior-pole electroporated samples, 3 lateral wall electroporated samples, and 9 CMWT electroporated samples of E14.5 embryos, all the electroporated samples exhibited the focal LacZ expression in the ventricular zone adjacent to the electroporated region (see Fig. 4) .
Slice cultures. Brains were embedded in 4% low-melting agarose gel, and 300-m-thick parasagittal or oblique sections were cut on a vibratome, as shown in Figure 7l . Slices were then transferred to collagencoated culture membranes (Millicell-CM; 30 mm in diameter, 0.4 m pore size; Millipore, Bedford, MA) in organ tissue culture dishes containing 1.3 ml of medium (Invitrogen; MEM-F-12 with glutamine, 5% PNCS, 5% horse serum, penicillin, and streptomycin) as described (Ari-matsu et al., 1992) . They were subsequently cultured for several hours in sterile condition in an incubator (5% CO 2 , at 37°C), after which the medium was changed to Neurobasal/B-27 (Invitrogen). During the culture period, images of GFP fluorescent were captured by AxioCam MRm CCD camera with Zeiss Stemi SVII microscope (Carl Zeiss) at appropriate time intervals.
Results
Embryonic reelin-positive cells at the neocortical marginal zone are marked by GFP expression Our study in IG17 transgenic mice (Tg mice) (Watanabe et al., 1998) revealed that the membrane-anchored GFP transgene is specifically expressed by reelin-positive cells in the MZ during the early postnatal period (Soda et al., 2003) . This observation prompted us to examine whether the GFP transgene can be used as a novel marker for the embryonic reelin-positive cells and to analyze the ontogeny of reelin-positive marginal zone cells in the early embryonic stages of neocortical development. We first examined whether embryonic GFP expression is restricted to the reelin-positive cells in Tg mouse telencephalon. Murine embryonic reelin-positive cells can be characterized by the uniform location of cell bodies in the MZ, neurite extensions in a tangential direction, and the early onset of generation compared with the CP neurons (Supèr et al., 1998) . We analyzed the telencephalon of Tg mouse embryos from E14.5 onward, by which time the neocortical MZ has emerged, and reelin-positive cells have acquired their characteristic identities (Wood et al., 1992; Polleux et al., 1997) .
We first defined the pattern of GFP expression in Tg mouse telencephalon. At E14.5, GFP expression was detected in the MZ of all the rostrocaudal levels of the cerebral cortex ( Fig. 1a-c) . Intensive GFP expression in the MZ encompassed nearly the entire cerebral cortex, including the neocortex, the piriform, the cingulate cortex ( Fig. 1a-c) , and the dorsal and ventral regions adjacent to the choroid plexus (Fig. 1b,c) . From E16.5 onward, although the MZ itself was expanded, the pattern of GFP expression remained essentially similar and persisted until the latest age examined (E18.5) (Fig.1e ,f ) (data not shown). GFP-expressing cell bodies were embedded in tangentially oriented intricate nerve fibers in the MZ (Fig. 1d-f ) .
We next analyzed the pattern of GFP expression within the neocortical MZ in relation to the molecular markers that have been used to define the major types of MZ cells, including the reelin-positive cells. Reelin and p73 serve as reliable markers of reelin-positive cells from the early stages of their development (Schiffmann et al., 1997; Alcantara et al., 1998; Meyer et al., 2002) . Lhx6 marks other neuronal subtypes in the murine neocortical MZ (Lavdas et al., 1999) . Double in situ analyses of GFP with reelin at E14.5-18.5 revealed that virtually all the GFPpositive cells located at the neocortex coexpressed reelin, and vice versa ( Fig. 1g-i ) (data not shown). Similarly, virtually all the GFP-positive cells were colabeled by p73 in the neocortical MZ at E14.5-18.5 ( Fig. 1j -l ) (data not shown). On the contrary, the double in situ analyses of GFP in relation to Lhx6 revealed that, at E14.5, the expression of GFP and Lhx6 was mutually exclusive in the neocortical MZ ( Fig. 1m-o) . Double in situ hybridization of Emx2 and Tbr1 in relation to GFP revealed that the expression of Emx2 and Tbr1 was evident in virtually all of the GFP-positive cells in the marginal zone of the neocortex at E14.5 (supplemental Fig. 1 , available at www.jneurosci.org). Confocal microscopic analyses of double immunostaining of Pax6 in relation to GFP revealed that Pax6 expression was evident in some of the GFPpositive cells in the marginal zone of E14.5 neocortex. Previous studies show that most of the reelin-positive marginal zone cells at E14.5 express Emx2, and Tbr1, and some of them express Pax6 (Stoykova et al., 2003) . Confocal microscopy studies of calretinin in relation to GFP revealed that calretinin expression was evident at E14.5 in most of the GFP-expressing cells in the marginal zone of the neocortex, but a few GFP expressing cells were negative for the calretinin expression (supplemental Fig. 1 , available at www.jneurosci.org). From E16.5 onward, however, there was a nearly complete overlap of GFP and calretinin expression in the marginal zone of neocortex (data not shown). These temporal expression profiles of GFP in relation to calretinin are consistent with the idea that the onset of GFP expression is before that of calretinin. Taking into account of fact that the onset of reelin expression also precedes that of calretinin in reelin-positive marginal zone cells, these data further support the notion that the expression pattern of GFP coincides with that of reelin in the Tg neocortex. Calbindin defines mostly non-reelin-positive cells at E14.5 cerebral cortical marginal zone. Consistent with this, nearly all of the calbindin staining was not detected in GFP-expressing cells in the neocortical marginal zone of E14.5 Tg mouse embryos (supplemental Fig. 1 , available at www.jneurosci.org).
Together, these findings provide evidence that, at the neocortex, GFP is expressed exclusively by reelin-positive cells in the embryonic Tg telencephalon from E14.5 onward. These data demonstrate that GFP, in addition to reelin and p73, serves as another reliable molecular marker of reelin-positive cell identity in the embryonic Tg neocortical MZ.
Birth date analyses of GFP-expressing cells at the neocortical MZ
To substantiate the notion that GFP transgene at the neocortex marks reelin-positive cells exclusively, we examined the birth date of GFP-positive cells in the MZ by 5Ј-bromo-2Ј deoxyuridine (BrdU) labeling studies. Progenitor cells at S-phase of the cell cycle were labeled in vivo by injecting BrdU into pregnant mice from E10.5 onward, and the BrdU-labeled GFP-positive cells were subjected to the immunocytochemical analyses at E18.5 (Fig. 2a-c) . More than 90% of GFP-positive cells in the neocortical MZ were colabeled with BrdU that was injected at E10.5, indicating nearly all of the GFP-positive cells are generated from E10.5 onward (Fig. 2a, supplemental Table 1 , available at www.jneurosci.org). The proportion declined as the date of injection was set at later embryonic ages and became Ͻ4% at injection date of E13.5. These data indicate that ϳ53% of GFPpositive neocortical MZ cells were generated at E10.5-11.5, ϳ 29% at E11.5-12.5, ϳ 8% at E12.5-13.5, and the rest before E10.5 and/or after E13.5 ( Fig. 2b ; see also supplemental Table 1 , available at www.jneurosci.org). It appears there was no regional difference in the neocortex along the dorsolateral axis for the temporal pattern of generation of GFP-positive cells (Fig. 2a) . Previous studies dealing with the issue of timing of reelin-positive cell generation were able to show that most of the reelin-positive cells were generated at approximately E10.5-E12.5 in the murine telencephalon (Wood et al., 1992; Hevner et al., 2003) . Thus, our BrdU labeling studies are consistent with the idea that, in the neocortex, GFP transgene is expressed exclusively by reelinpositive cells. Importantly, the fact that 40.3% of reelin-positive cells on average were generated from E11.5 onward (supplemental Table 1 , available at www.jneurosci.org) allowed us to examine the origins of reelin-positive cells by using electroporationmediated gene transfer method at E11.5 (see below).
Onset of GFP expression in relation to reelin and p73
To begin to address the issue of ontogeny of reelin-positive cells, we examined the onset of expression of GFP in relation to those of reelin and p73 in Tg mouse telencephalon (Fig. 3) . Based on our BrdU labeling studies, we focused our analysis on E10.5-E11.5 when most of the reelin-positive cells were generated. We asked if the expression of GFP transgene could be detected before that of reelin or p73, and the GFP transgene might serve as a tool to monitor the onset of reelin-positive cell generation.
At E10.5, prominent expression of GFP was first detected at the ventral region of CMWT at the rostrocaudal level where the telencephalon-diencephalon junction (TDJ) exists, merging apparently with the GFP expression at the diencephalon (Fig. 3b,f ) . GFP expression was detected in continuity at the subpial layer of ventral subpallium (Fig. 3b) , including the GE primordium (Fig.  3d,e) . Some GFP-positive cells were scattered in the VZ at these locations, suggesting their local generation (Fig. 3b,d-f, arrows) . In addition, a few GFP-positive cells were detected at the subpial layer of the prospective neocortex (Fig. 3b,d, arrowhead ). In contrast, p73 expression was detected at the dorsal region of CMWT and extended into the prospective neocortical areas (Fig. 3a , arrowheads). Some p73-expressing cells were detected even in the VZ of the CMWT (Fig. 3a, arrows) (Meyer et al., 2002) . A few, if any, p73, GFP, and reelin-positive cells were also scattered in the VZ of the neocortical primordium (Fig. 3a, data not shown) .
At E11.5, the area of prominent GFP expression in the CMWT adjacent to the TDJ expanded in a bifurcated stream of cells (Fig.  3h,k) . It extended in both dorsal and ventral directions at the subpial layer of telencephalic vesicles: dorsally along the dorsal medial wall of telencephalon (Fig. 3h,k, arrowheads) , and ventrally along the ventral subpallium (Fig. 3h,k, arrows) . The expression of GFP at the ventral subpallium appeared to be followed by reelin expression, and accordingly, the area of reelin expression appeared to be contained within a broader area of GFP expression (Fig. 3h,i,k,l, arrows) . Moreover, there was a graded distribution of GFP and reelin expression from ventral to lateral at the subpial layer of cerebral cortex (Fig. 3h,i, arrows) . Conversely, the expression of p73 at the dorsal region of CMWT appeared to be followed by that of GFP (Fig. 3g,h ,j,k, arrowheads). In contrast to the GFP and reelin expression pattern, p73 expression was distributed in a dorsal to lateral gradient at the subpial layer and appeared to emanate from the dorsal region of CMWT (Fig. 3g,j, arrows) . p73, GFP, and reelin expressions were detected on the ventral cortical surface near the olfactory primordium (Fig. 3j-l, asterisks) (Meyer et al., 1998) . By E12.5, all three genes were detected uniformly in the MZ of the cerebral cortex (data not shown).
Together, these results show the CMWT adjacent to TDJ is the region where most prominent expression of GFP is detected (Fig.   3b,f,h,k) . Importantly, the expression of GFP at this locus was temporally overlapped with that of p73 (Fig. 3a,g,j) and reelin (Fig. 3c,i,l ) . At the ventral region of CMWT, the onset of expression of GFP appeared to precede those of reelin and p73, whereas, at the dorsal region of CMWT, the onset of expression of p73 appeared to precede those of GFP and reelin (Fig. 3a-c, g-l ) . In contrast, the expression of reelin-positive cell markers in other telencephalic regions was relatively weak compared with the CMWT (Fig. 3a-d, g-l ) . In summary, over the major period of reelin-positive cell generation, the prominent expressions of GFP, reelin, and p73 appeared to emanate from the CMWT into the neocortex. Therefore, these observations raised the possibility that the CMWT is a site where prospective CR cells are generated.
Generation of prospective reelin-positive cells at the CMWT
To establish a direct link between the cells generated at the CMWT and reelin-positive marginal zone cells at the neocortex in vivo, we used exo utero electroporation-mediated gene transfer to mark VZ cells at the CMWT by LacZ and to follow the LacZlabeled descendants. We focused our analysis on reelin-positive cells generated at E11.5, because the electroporation-mediated gene transfer can be carried out reliably and reproducibly onto the focal region under a microscope from E11.5 onward (supplemental Figs. 2-4, available at www.jneurosci.org). Plasmid DNA injection into the E10.5 embryonic telencephalic vesicles exo utero was hampered by the presence of deciduas surrounding the embryos, and the survival rate of embryos severely decreased by removing deciduas.
We first electroporated LacZ into cells located at the anteriorpole (Fig. 4a,e,h ) or the lateral wall (Fig. 4c,f,i) of telencephalic vesicles at E11.5, permitted embryos to develop until E14.5, and analyzed the LacZ expression pattern. Most of the LacZ-positive descendants essentially remained at the neighboring regions where the electroporation-mediated gene transfer was conducted (Fig. 4a,c) . The LacZ expression was confined, mostly to the VZ (Fig. 4e,f, arrows) and the CP, but barely, if any, to the MZ of the neocortex (Fig. 4e,f,h,i) . In contrast, when we electroporated LacZ into cells located at the CMWT at E11.5, a population of LacZ-positive descendants was detected on nearly the entire cortical surface in a caudomedial-high to rostrolateral-low gradient at E14.5 (Fig. 4b,d ). Coronal sections revealed intensive LacZ staining in the MZ throughout the entire dorsoventral axis of the cerebral cortex (Fig. 4g,j) . The VZ staining of LacZ was confined to the CMWT, which is consistent with the procedures of caudomedially directed electroporation of gene transfer (Fig. 4g, arrows) . No staining was detected in the CP, the subventricular or the VZ of any other regions of the telencephalon (Fig. 4g,j) .
We then examined the identity of CMWT-derived LacZpositive descendants located in the MZ of the neocortex. We analyzed LacZ-positive cells with anti-GFP antibody at E14.5 after the electroporation of LacZ at E11.5 mouse (Fig. 4k-m) . All the LacZ-positive cells detected in the MZ of the neocortex coexpressed GFP, indicating LacZ derivatives in the neocortex from the CMWT were solely reelin-positive cells. Moreover, these LacZpositive cells appeared to form a substantial population of reelinpositive cells, especially at the posterior neocortex (Fig. 4b,d) .
Together, these findings indicate that virtually all of descendants derived from the CMWT at E11.5 comprise reelin-positive cells that were distributed widely in a caudomedial-rostrolateral gradient in the cerebral cortex at E14.5. Moreover, the other regions of telencephalon, including the neocortical primordium, where the electroporation was conducted appeared to give rise to a few, if any, reelin-positive cells at E11.5. 
Origins and migratory pathways of prospective reelinpositive cells at the CMWT
The persistence of LacZ staining in the VZ where the electroporation was conducted led us to examine the origins at the CMWT. The LacZ staining was performed on coronal sections of the telencephalon at E12.5 after the electroporation of LacZ into the CMWT at E11.5 (Fig. 5a-c) . In all sections examined, the NLSLacZ staining in the MZ of the cerebral cortex was always correlated with the NLS-LacZ staining in the VZ of the CMWT region that most likely corresponded to the cortical hem. The cortical hem is characterized by its unique positions relative to the choroid plexus primordium (CP P ) (Grove et al., 1998 ). At the more rostral level of cerebral cortex, the LacZ expression in the MZ of the dorsal cerebral cortex was always detected together with the ventricular LacZ expression dorsal to the CP P , corresponding to the dorsal cortical hem (n ϭ 8 independent electroporated embryos) (Fig. 5a-c) (Grove et al., 1998) . In contrast, at the more caudal level of cerebral cortex where the cortical hem can be detected both dorsal and ventral to the CP P , LacZ expression in the MZ of the ventral cerebral cortex was always detected together with the ventricular LacZ expression ventral to the CP P , corresponding to the ventral cortical hem (n ϭ 8 independent electroporated embryos) (Fig. 5a-c) . When either of these ventricular regions was negative for the LacZ staining, no staining was detected in the neighboring MZ (Fig. 5a,c) .
Thus, the detailed analyses of the CMWT for the LacZ expres- sion pattern after 24 hr of electroporation suggest that the cortical hem contributes to the generation of reelin-positive cells. Furthermore, these results obtained from the short time point after electroporation revealed the correlation between the origins and the direction of the initial pathways taken by the descendants. It appears that distinct pathways are taken initially by the prospective reelin-positive cells depending on the originated regions of the cortical hem. The prospective reelin-positive cells appear to take a dorsal route from the dorsal cortical hem, whereas a ventral route from the ventral cortical hem. We do not rule out the possibility, however, that CMWT regions outside of the cortical hem may also contribute to the generation of prospective reelinpositive cells. This type of analysis also provided information on the extent of tangential migration of descendants that were derived from the cortical hem. To monitor the extent of tangential migration of descendants in the MZ of the cerebral cortex more precisely, we electroporated nuclear-localizing signals containing LacZ (NLSLacZ) at E11.5 to detect gene-incorporated cells and monitored NLS-LacZ expression pattern at E14.5. NLS-LacZ-positive descendants detected at E14.5 cerebral cortex covered most of the cerebral cortical MZ, including the cingulate cortex, the neocortex, the piriform, and the amygdala, with caudomedial-high to rostrolateral-low graded distribution (n ϭ 5 independent electroporated embryos) (Fig. 5d-i) . The NLS-LacZ staining in the VZ of the cerebral cortex was again detected at a region of the CMWT, which corresponded to the dorsal and posterior end of cortical hem (Fig. 5d-i) . In addition, NLS-LacZ expression in the VZ was not detected in any other regions of the cerebral cortex. Thus, these results provide additional supportive evidence that the telencephalic neuroepithelium adjacent to the choroid plexus at the CMWT, cortical hem, have contributed to the generation of prospective reelin-positive cells. Moreover, these studies suggest that reelin-positive cells that are derived from the dorsal and posterior end of cortical hem at E11.5 are distributed throughout nearly the entire cerebral cortical MZ along its dorsoventral axis by E14.5.
Tangential migratory behavior and localization of reelinpositive cells in the MZ of the cerebral cortex
To further characterize the spatial and temporal patterns of in vivo migratory behavior of CMWT-derived LacZ-positive descendants in the MZ, we monitored the sequential appearance of LacZ expression at the cerebral cortex in whole-mount preparation of the brain, after the electroporation of LacZ at E11.5 (Fig.  6) . Focal restriction and reproducibility of electroporationmediate gene transfer was confirmed beforehand (see supplemental Figs. 2-4, available at www.jneurosci.org). At E12.5, most of the cells that had incorporated LacZ remained at the CMWT where electroporation was conducted (Fig. 6a) . Only a few, if any, cells traversed the edge of CMWT circumferentially from dorsal, ventral, and posterior directions, and emerged at the lateral wall of the cerebral hemisphere (Fig. 6a, inset) . At E13.5, many LacZpositive cells were located on the cortical surface along the entire dorsoventral axis of the posterior half of the cerebral cortex (Fig.  6b) . By E16.5, the entire cortical surface was covered by intensive LacZ staining, especially at the posterior cerebral cortex (Fig. 6c) . The LacZ staining was also detected on the ventral cortical surface (Fig. 6c, inset) , which was consistent with the observations of the migratory behavior of the LacZ descendants on E12.5 sections (Fig. 5h,I ) (see also Fig. 4b, inset) . There was a caudomedial-high to rostrolateral-low gradient in the distribution of LacZ-positive cell populations, as it was observed at E14.5 (Fig. 4b,d) . The extent of anterior limit of LacZ-positive cells on the cortical surface remained essentially similar from E14.5 onward, suggesting that CMWT-derived reelin-positive cells at E11.5 may have reached at their final destination at around E14.5 (Figs. 4b,d, 6c) . From E16.5 onward, LacZ-positive cells harbored extensive tangentially oriented neurites, a characteristic morphology of many of the matured reelin-positive cells (Fig. 6c) . At E18.5, intensive LacZ staining covered the entire cerebral cortex in a gradient apparently similar to that observed from E14.5 onward (Fig. 6d) .
Together, these results obtained from the in vivo studies provide evidence that a substantial population of prospective reelinpositive cells is generated at the CMWT, including the cortical hem at E11.5, and tangentially migrate to the MZ of the cerebral cortex. They traverse the edge of the CMWT circumferentially and appear at the lateral wall of the cerebral hemisphere to set up an overall posterior-anterior stream of cells. Subsequently, they are widely distributed throughout the entire neocortex in a caudomedial-high to rostrolateral-low gradient and, consequently, comprise a substantial population of reelin-positive cells located at the posterior neocortex.
In vitro slice culture analyses of origins and migratory behavior of reelin-positive cells
The in vivo analyses presented above, however, is retrospective in nature and do not rule out the possibility that LacZ-positive cells located in the neocortical MZ originated from locations where no LacZ staining remained after the in vivo culture period.
To rule out this possibility and to further examine the tangential migratory pathways taken by the CMWT-derived reelinpositive cells, we set up an in vitro slice culture experiment that allowed us to analyze the origins and migratory behavior of reelin-positive cells prospectively on time during the culture period (Fig. 7) . We electroporated GFP into the CMWT of ICR mice at E11.5 and permitted embryos to develop in vivo until 24 hr after the electroporation, when the level of gene expression is expected to be reached nearly at the peak. We isolated embryos and selected for the telencephalon in which GFP expression was detected only at the CMWT. Then, slices were prepared from the selected telencephalon (Fig. 7l) , cultured in vitro, and were monitored on time for the migratory behavior of GFP-positive cells using GFP fluorescent. We prepared slices along the dorsolateral, pos- terior-anterior, or caudomedial-rostrolateral axis of the cerebral cortex through the CMWT where the electroporation-mediated gene transfer was conducted, and asked which slices were preferred by the CMWTderived GFP-positive descendants to tangentially migrate in the MZ in vitro.
In slice cultures prepared from the sections along the dorsolateral axis, GFP-positive descendants did not migrate along the cortical surface over the 24 hr of the culture period (data not shown). In contrast, in slice cultures from sections along either the caudomedial-rostrolateral or posterior-anterior axis, many tangentially migrating descendants from the CMWT were detected along the cortical surface of the prospective neocortex over the 20 hr of the culture period (Fig. 7a-i) . At the time of isolation only a few GFP-expressing descendants were detected at the prospective neocortex (Fig. 7a,d,g ). The number of descendants increased markedly after 10 hr (Fig. 7b,e,h) , and the population extended from medial to lateral along the cortical surface over 20 hr of culture period (Fig. 7c,f,i) . Dorsal and ventral migratory routes in an overall posterior-anterior direction were recognizable, which was consistent with the results obtained from the in vivo studies (Fig.   7a-i) . Forwardly extended tangentially oriented neurites tailed by the following cell bodies, a characteristic feature of migrating cells, were detected in both dorsal (Fig. 7j) and ventral (Fig. 7k) route of migration.
Thus, these in vitro slice culture experiments provide prospective and direct evidence that progenitor cells located at the CMWT at E11.5 generate descendants that tangentially migrate on the neocortical surface. Moreover, these studies suggest that the CMWT-derived descendants take an overall posterior-anterior directed pathway on the neocortical surface along the caudomedial-rostrolateral axis and posterioranterior axis, but not preferentially along the dorsolateral axis of the cerebral cortex.
Discussion
Present studies address three major points on the issues dealing with the ontogeny of reelin-positive MZ cells: (1) The CMWT, including the cortical hem, appears to be a source for the generation of prospective reelin-positive cells. (2) The CMWTderived reelin-positive cells tangentially migrate at the cortical MZ in an overall posterior-anterior direction. (3) These migrating neurons distribute in a caudomedial-high to rostrolateral-low cellular gradient throughout the entire neocortex during the peak period of corticogenesis.
Our results define neocortical reelinpositive marginal zone cells, in addition to neocortical interneurons (Anderson et al., 1997) , as a neuronal subtype that tangentially migrates from locations extrinsic to the neocortex and participates in the neocortical organization. Unlike the migration of interneurons, it appears there is a strict preference in the migration of CMWT-derived reelin-positive cells in that these neurons migrate exclusively in the MZ. Furthermore, our findings define a population of neocortical reelin-positive cells as a subclass of reelin-positive cells derived commonly from the CMWT and distributed throughout the entire cerebral cortical MZ.
Differential reelin-positive cell marker expression and the heterogeneity of reelin-positive cells We first consider the relationship between the GFP expression and reelin-positive cells in Tg mouse embryos. Previous studies on the analyses of early expression patterns of reelin-positive cell markers raised the possibility that reelin-positive cells are generated from several putative sources in the telencephalon (Schiffmann et al., 1997; Alcantara et al., 1998) . Our results presented above indicate that GFP transgene, in addition to reelin and p73, serves as another reliable marker for the identification of reelinpositive cells that are located in Tg embryonic neocortical MZ. The spatial and temporal correlations between the expressions of GFP with those of reelin and p73 from the early onset of reelinpositive cell development suggest that GFP expression and reelin- positive cell lineage might be cohesive throughout the embryonic cerebral cortical development. By recruiting GFP, we defined the CMWT as the telencephalic region where reelin-positive cell markers are most prominently expressed at the time when most reelin-positive cells are generated, suggesting that this location is a site where prospective reelin-positive cells are generated. Furthermore, at the dorsal and ventral regions of CMWT, the onset of GFP expression is followed by those of reelin and p73 differentially, suggesting the existence of heterogeneity of prospective reelin-positive cells that might be distinguished by the differential temporal patterns of reelin-positive cell marker expressions.
Origins of reelin-positive cells in the telencephalon
Our studies on the early expression patterns of reelin-positive cell markers, as with the previous studies, however, do not resolve whether the cells located at putative sources give rise to reelinpositive cells during the cerebral cortical development. By using electroporation-mediated gene transfer (Miyasaka et al., 1999; Saito and Nakatsuji, 2001; Tabata and Nakajima, 2001; Hatanaka and Murakami, 2002) , we show here, as expected, prospective reelin-positive cells are generated at the CMWT, including the cortical hem at E11.5. Moreover, it appears the CMWT-derived descendants at the cerebral cortex are solely dedicated to reelinpositive cells. In contrast, the other regions of telencephalon, including the neocortical primordium, where the electroporation was conducted appear to give rise to a few, if any, reelinpositive cells at E11.5. Taking into account of the fact that the prominent expressions of reelin-positive cell markers, including the GFP transgene, are detected focally at the CMWT but not at the other regions of telencephalon, these results indicate that the CMWT is a source for the generation of prospective neocortical reelin-positive cells, among telencephalic regions including neocortical primordium.
A study performed in the Emx1/2 knock-out mouse (Mallamaci et al., 2000; Shinozaki et al., 2002; Bishop et al., 2003) , together with Emx1-expressing cell lineage study using Cre-loxP system (Gorski et al., 2002) , shows that most reelin-positive cells are derived from Emx1-expressing progenitors, and Emx1/2 are required for both reelin-positive cell and subplate generation. On the contrary, a more recent study in the Sey mutant mouse was able to show that Pax6 appear to inhibit reelin-positive cell generation but not, interestingly, subplate generation (Stoykova et al., 2003) . Given that Emx1/2 and Pax6 expression is in a graded manner in an opposite direction along the rostrolateral-caudomedial axis of the cerebral cortex (O'Leary and Nakagawa, 2002) , these studies may imply that the generation of reelin-positive cells are regulated by opposing interactions between Emx1/2 and Pax6. Consistent with this idea, our results indicate that the caudomedially situated Emx1/2-high and Pax6-low region in the cerebral cortex, namely the CMWT, is spatially allocated for reelinpositive cell generation. Moreover, these mouse genetics studies suggest that the generation of reelin-positive cells and subplate is controlled commonly by Emx1/2, but differentially by Pax6. This is again consistent with our results showing that the CMWT-derived progenies tangentially migrating into the neocortex are solely dedicated to reelin-positive cells in the MZ, indicating the generation of reelin-positive cell and subplate is differentially controlled.
Tangential migratory behavior and distribution of reelinpositive cells at the neocortex Our detailed analyses of the electroporated location within the CMWT suggest the cortical hem serves as a source for reelinpositive cells. The cortical hem can be subdivided into two distinct regions in terms of the initial migratory routes of their progenies. In addition, spatial and temporal analyses of expression patterns of GFP combined with those of reelin and p73 at the CMWT revealed two distinct subregions within the locus. Taken together, it appears that prospective reelin-positive cells initially expressing p73 migrate dorsally from the dorsal region of the cortical hem, whereas prospective reelin-positive cells initially expressing GFP migrate ventrally from the ventral region of the cortical hem. These studies suggest differential migratory pathways are taken initially depending on the differential subgroups of prospective reelin-positive cells derived from differential origins at the cortical hem.
After exiting the CMWT, the prospective reelin-positive cells invade the neocortical area circumferentially from dorsal, ventral, and posterior directions and set up an overall posterioranterior cellular influx in the MZ. Our in vitro studies support the in vivo migratory results and further indicate that the CMWTderived reelin-positive cells tangentially migrate along the neocortical surface in an overall posterior-anterior direction. Given that apparent uniform localization of reelin-positive cells in the entire cortical MZ, other reelin-positive cell subtypes (e.g. subpial granule cells; see Meyer et al., 1998) may tangentially migrate in an opposite anterior-posterior direction. Thus, distinct reelinpositive cell subtypes generated at the distinct locations, including the ones generated at the dorsal and ventral regions of the cortical hem, might tangentially migrate to the cortical MZ in particular directions and comprise the entire population of reelin-positive cells in the cerebral cortex.
We do not know if distinct roles are played by reelin-positive cells derived from the distinct focal locations of the telencephalon in the control of organization of the neocortex. The prospective reelin-positive cells that have been generated at the CMWT at E11.5 cover the posterior half of the neocortex by E13.5, corresponding to the time when the generation of deep layer CP neurons is taking place (Polleux et al., 1997) . These tangentially migrating reelin-positive marginal zone cells appear to be continuously supplied and cover the entire neocortical surface in a caudomedialrostrolateral gradient when a dimension tangential to the surface expands rapidly during the peak period of CP cell generation. Thus, reelin-positive cells extrinsic to the neocortex and CP cells intrinsic to the neocortex appear to intercross with each other at the neocortex and elicit coordinated interactions during the dynamic developmental period of corticogenesis. The spatially and temporally controlled tangential migration of reelin-positive marginal zone cells from the CMWT may therefore underlie the fundamental organization of the neocortex.
One of the most striking scenarios that might be uncovered as a consequence of the present study may concern the way regional or areal specification of the cerebral cortex is established (Grove and Fukuchi-Shimogori, 2003) . The issue of areal specification of the neocortex has always raised the question of how cortical areas with enormous dimensions compared with the other regions in the central nervous system would be patterned by the simple diffusion of molecules from the localized signaling centers. Numerous lines of evidence indicate that interactions between the cells with distinct positional identities elicit further specification of the neural characters. The generation and tangential migration of reelin-positive marginal zone cells from one of the putative local signaling centers of the cerebral cortex, the cortical hem, provides an opportunity for the local signaling center to impose positional information onto cells intrinsic to the neocortex. Pertinent to this, the analysis of Gdf-7 knock-in mice has revealed the existence of tangentially migrating MZ cells in the Gdf-7-expressing lineage at the CMWT, which may correspond to the tangentially migrating reelin-positive marginal zone cells (Monuki et al., 2001) . Whether reelin-positive marginal zone cells that are derived from the CMWT might be involved in the areal as well as laminar organization of developing neocortex awaits further studies.
